The vertebrate Six genes are homologues of the Drosophila homeobox gene sine oculis (so), which is essential for development of the entire visual system. Here we describe two new Six genes in Drosophila, D-Six3 and D-Six4, which encode proteins with strongest similarity to vertebrate Six3 and Six4, respectively. In addition, we report the partial sequences of 12 Six gene homologues from several lower vertebrates and show that the class of Six proteins can be subdivided into three major families, each including one Drosophila member. Similar to so, both D-Six3 and D-Six4 are initially expressed at the blastoderm stage in narrow regions of the prospective head and during later stages in speci®c groups of head midline neurectodermal cells. D-Six3 may also be essential for development of the clypeolabrum and several head sensory organs. Thus, the major function of the ancestral Six gene probably involved speci®cation of neural structures in the cephalic region. q
Introduction
Eye development is a particularly interesting process in which the underlying genetic network is conserved between vertebrates and invertebrates. Increasing evidence also suggest that these circuits originated from more general roles in controling differentiation of anterior neural structures.
Functional conservation in eye development was ®rst demonstrated for the homologous paired box genes Pax6 and eyeless (ey) in mice and Drosophila, respectively (Hill et al., 1991; Walther and Gruss, 1991; Quiring et al., 1994; Halder et al., 1995) . Further investigations on a wide range of animal species have also provided evidence for involvement of Pax6 homologues in the development of more primitive photoreceptor organs and other anterior neural derivatives (reviewed by Callaerts et al., 1997) .
Targeted expression of Pax6/ey in Drosophila is suf®-cient to induce development of extra eyes, suggesting a key position at the top of the genetic cascade governing eye formation (Halder et al., 1995) . In addition it has been shown that three other Drosophila genes, dachshund (dac), eyes absent (eya) and sine oculis (so), have features similar to ey with respect to expression, mutant phenotypes and the ability to induce ectopic eyes (Cheyette et al., 1994; Mardon et al., 1994; Serikaku and O'Tousa, 1994; Bonini et al., 1997; Chen et al., 1997; Pignoni et al., 1997; Shen and Mardon, 1997) . Interestingly, the transcription factors encoded by these three genes interact physically (Chen et al., 1997; Pignoni et al., 1997) . Together with the EY protein they participate in a positive feedback loop that induces expression of all four genes in the eye disc (Desplan, 1997; Halder et al., 1998) . Identi®cation of vertebrate dac, eya and so homologues with expression in the developing eyes suggests that a similar genetic cassette may be used in many species (Oliver et al., 1995b; Bonini et al., 1997; Desplan, 1997; Xu et al., 1997; Hammond et al., 1998) .
Homologues of dac, eya and so have not yet been analysed in a wide range of animals, but studies in several vertebrate species have revealed embryonic expression in multiple head tissues derived from both neurectoderm and mesoderm (Oliver et al., 1995a,b; Bonini et al., 1997; Xu et al., 1997; Hammond et al., 1998; Ohto et al., 1998; Seo et al., 1998a,b,c) . Taken together these observations indicate that it is necessary to investigate the eye developmental regulatory mechanisms in a broader context, including the morphogenesis of the entire head. In agreement with this idea several Drosophila head gap genes known to be essen-tial for segmentation and/or speci®cation of cephalic segements are also associated with development of the visual system and subdivisions of the brain (Cohen and Ju Èrgens, 1991 ; Finkelstein and Perrimon, 1991; Vandendries et al., 1996; Rudolph et al., 1997; Younossi-Hartenstein et al., 1997) . Similarly, vertebrate homologues have been shown to act both during regionalization of the brain and in eye development (Finkelstein and Boncinelli, 1994; Acampora et al., 1995; Hollemann et al., 1998) .
In relation to the interconnections between head and eye development, the Drosophila homeobox gene so and its vertebrate homologues (Six genes) constitute a particularly interesting class of genes. The SO protein is required for the development of the entire visual system in Drosophila, including the adult compound eye, the ocelli, the optic lobe and the larval photoreceptor organ (Cheyette et al., 1994; Serikaku and O'Tousa, 1994) . Consistent with the known functions of the so gene, embryonic expression of murine Six3 has been detected in the developing eyes and in multiple derivatives of the anterior neural plate (Oliver et al., 1995b) . Reports on several Six3-like genes in mice, chicken and ®sh have shown related expression patterns (Bovolenta et al., 1998; Kobayashi et al., 1998; Loosli et al., 1998; Seo et al., 1998a,b; Toy et al., 1998) . Moreover, ectopic expression of Six3-like genes in ®sh can induce lens development and enlargement of the forebrain (Oliver et al., 1996; Kobayashi et al., 1998) . In contrast to Six3 and the related Optx2 gene (Oliver et al., 1995b; Toy et al., 1998) , none of the other murine Six genes are expressed during early stages of eye development.
The recent identi®cation of Optx2 in mice increased the number of known Six genes to a total of six (Oliver et al., 1995a,b; Kawakami et al., 1996a,b; Toy et al., 1998) , but the identi®cation of several non-orthologous genes in zebra®sh suggests that mammals may have additional Six genes (Seo et al., 1998a,b,c) . Although murine Six3 shows the strongest similarity to so with respect to eye development, it is structurally more diverged than several of the other members of the Six class (Oliver et al., 1995b) . These ®ndings prompted us to investigate whether the Drosophila genome has additional homologues. Here we report the identi®cation and characterisation of two new Six genes in Drosophila of which one (D-Six3) encodes a Six3-like protein, whereas the other (D-Six4) shows a closer sequence relationship to murine Six4. Through identi®cation of additional Six sequences from several lower vertebrates and phylogenetic analysis, we demonstrate the existence of three distinct families of the Six class. We also show that so, D-Six3 and D-Six4 each belong to one of these three categories. Although the three Drosophila Six genes are members of different families, their cephalic expression patterns have several common features. This suggests that the involvement of so in the development of the visual system originated from a more general function in specifying head structures.
Results

Cloning of two new Drosophila genes related to murine Six3 and Six4
Using a degenerate primer set derived from the C-termini of the Six domains (SD) and homeodomains (HD) of several Gaps required for optimal alignments are represented by dots. The Six domain (SD) is underlined and the homeodomain (HD) is double underlined. The characteristic tetrapeptide sequences of Six3 (QKTH), Six4 (ETVY) and SO (ETSY), which are located in the HD N-termini, are shown in italics. The tetrapeptide insertion (VALP) in the SD of Six3 is also shown in italics. Asterisks denote the stop codons. The SO sequence is from Cheyette et al. (1994) . Six class proteins, we performed PCR on Drosophila larval cDNA to amplify related sequences (see Section 4.1). Analyses of multiple individual clones identi®ed two new Drosophila HD encoding sequences in addition to the corresponding part of the previously reported so gene (Cheyette et al., 1994; Serikaku and O'Tousa, 1994) . Subsequently, we isolated full-length cDNAs corresponding to the two new sequences by applying a RACE strategy (see Section 4.1). The ®rst clone, named D-Six3 (see below), consists of 1500 base pairs (bp) and includes 102 bp of untranslated leader sequence, an open reading frame (ORF) of 876 bp (Fig. 1) , and a 495 bp untranslated trailer followed by a poly(A) tail. Sequencing of the second clone (D-Six4), which consists of 1845 bp, revealed a 456 bp leader sequence, an ORF of 1176 bp (Fig. 1) , and a 179 bp 3 H -UTR with a polyadenylation signal followed by a poly(A) tail. The ®rst potential start sites at nucleotide (nt) 103 (taaaATG) and nt 457 (cattATG) for D-Six3 and D-Six4, respectively, are both favourable relative to the Cavener consensus sequence for Drosophila translation initiation sites (Cavener and Ray, 1991) . In the case of D-Six3 no other potential start codons are present 5
H of the SD encod- Gaps required for optimal alignments are represented by dots. The consensus sequences (calculated excluding nematode sequences) are shown for each family. Capital and small letters indicate invariant and conserved (.70%) amino acid residues, respectively. Amino acid identities are shown relative to the murine sequences Six3, Six2 and Six4, respectively. Sequences used in these comparisons include: mouse Six3 (Kawakami et al., 1996b) ; chicken Six3 (Bovolenta et al., 1998) ; zebra®sh Six3 (Seo et al., 1998a) ; chicken Optx2 (Toy et al., 1998) ; mouse Optx2 (Toy et al., 1998) ; human SIX12 (AA311469); zebra®sh Six6 (Seo et al., 1998a) ; medaka Six3 (Loosli et al., 1998) ; zebra®sh Six7 (Seo et al., 1998b) ; nematode (C. elegans) SixC or Ceh-32 (cosmid W05E10.3, Z77670); mouse Six2 (Kawakami et al., 1996b) ; mouse Six1 (Oliver et al., 1995a) ; human SIX1 (Boucher et al., 1996) ; Drosophila SO (Cheyette et al., 1994) ; nematode SixB or Ceh-33 (cosmid C10G8.7, U70857); mouse Six4 (Kawakami et al., 1996a) ; zebra®sh Six8 (Seo et al., 1998c) ; mouse Six5 (Kawakami et al., 1996b) ; human SIX5 (Boucher et al., 1995) ; nematode SixA or Cehing sequence. Interestingly, so also has a second start codon (nt 982, aa 61) corresponding to the initiation site in D-Six3 ( Fig. 1 ; Cheyette et al., 1994) . By contrast D-Six4 has potential start sites at three additional positions N-terminal to the SD. The ®rst of these, at nt 583, is less similar to the Cavener consensus, whereas the two others at nt 952 and nt 988, respectively, would eliminate almost the entire N-terminal part of the D-Six4 protein (Fig. 1 ). An alignment of Drosophila SO with the two deduced proteins shows extensive sequence identity in the region including the SD and HD (Fig. 1) . The degree of sequence conservation varies between 58 and 70% for the different domains. Further comparisons with the SDs and HDs of other known Six class proteins show highest similarities to mammalian Six3 and Six4/Six5 (Fig. 2) . Hence we have named the two new genes Drosophila six3 (D-Six3) and six4 (D-Six4).
Comparisons of the sequence identities between the HD and SD of the individual Drosophila proteins relative to their respective vertebrate homologues show clear differences in the degree of conservation. The HDs of both SO and D-Six3 are almost identical (95 and 97%) to the corresponding sequences of their murine homologues Six1/Six2 and Six3, respectively (Fig. 2) . However, the similarity between the SD of SO and Six1/Six2 (84%) is signi®cantly higher than between D-Six3 and Six3 (77%). In the case of D-Six4 and its murine homologue Six4, both the HD (82%) and SD (57%) have considerably lower sequence identities. These values show that the HDs are generally the most conserved domains of these homologous proteins, which have more variable divergences in their SDs.
The N-and C-terminal regions of the three Drosophila proteins are highly variable in length and sequence. Such differences also exist in the vertebrate homologues Six3 and Six4 (not shown). One characteristic feature of the SO protein is the presence of homopolymeric regions in both its N-and C-terminal parts (Cheyette et al., 1994; Serikaku and O'Tousa, 1994) . Similarly, D-Six3 has a few short homopolymers in the C-terminus, whereas the D-Six4 protein does not exhibit this type of amino acid repeats (Fig. 1) .
The contents of Pro-Ser-Thr (PST) in the C-terminal regions of the three Drosophila proteins (21±23%) is considerably lower than in many of the related vertebrate Six proteins (Oliver et al., 1995a,b; Kawakami et al., 1996b; Seo et al., 1998a) . However, the N-terminal part of D-Six3 is quite rich in PST (38%), suggesting the presence of transactivating functions (Ptashne, 1988) . In the case of D-Six4, which has a much larger N-terminal domain, the average PST level is signi®cantly lower (24%). However, a subregion of 18 amino acids (residues 96±113) within its Nterminus is remarkably PST-rich (72%), and this may correspond to a transactivating domain. Another notable feature of this protein is the presence of many amino acid doublets (and a few triplets), particularly Ser-Ser and Gly-Gly, for which the signi®cance is not known.
The Six proteins can be subdivided into three major families on the basis of sequence conservation in the HD and SD
The highly variable N-and C-terminal regions of Six proteins, which may in part re¯ect alternative splicing, do not provide a good basis for investigating the relationships between Six proteins of different animal groups. We have thus used a RT-PCR based approach (see Section 4) to isolate HD and SD encoding sequences from several distantly related vertebrate species, including lamprey, shark, zebra®sh and Xenopus. Here we describe a total of 12 new HD sequences from these species (Fig. 2B) ; additional SD sequences were obtained for six of these proteins ( Fig. 2A) . Together with the HD/SD of D-Six3 and D-Six4, these sequences were compared with the other Six class proteins.
Comparisons of the HDs, varying in sequence identity levels from 45±100%, show that they belong to one of three major families related to Six2, Six3 and Six4, respectively (Fig. 2B ). The members of each of these families have the same tetrapeptide near the N-terminus of the HD. In addition to this distinguishing feature, the sequence conservation among members of the same family is higher, with generally the same amino acid substitutions relative to the other families.
The Six3 family is the most distinct since the tetrapeptide (QKTH) is unique. With one exception, nematode SixC, the members of the Six3 family also share a very high level of sequence identity (.95%). The similarity between the tetrapeptides of the Six2 (ETSY) and Six4 (ETVY) families makes their separation less clear. Moreover, the HDs of these two groups have several of the same amino acid substitutions relative to the Six3 category. In favour of the proposed classi®cation, however, all the members of the Six4 family have two characteristic substitutions in their HDs involving Lys and Arg at positions 17 and 24, respectively. The fact that all the HDs in the Six2 family, except for nematode SixB, also show a signi®cantly higher degree of conservation than to the sequences in the Six4 category provides further support for this conclusion.
Although the nematode SixB HD is quite divergent relative to the other members of the Six2 family, it shares the same tetrapeptide and exhibits most of the amino acid substitutions that are common to this particular group. By contrast the nematode SixA and SixD proteins have HDs with single amino acid substitutions in their tetrapeptides (ETNY and EIVY) relative to the Six2 and Six4 families, respectively. These two HDs also have approximately the same sequence identity relative to both families. Hence on the basis of the HD sequences alone, the nematode SixA and SixD proteins cannot be clearly assigned to any of the three major families of the Six class. This sharply contrasts with the situation for the HDs of the Drosophila proteins, which satisfy all the criteria used for segregating the sequences into three distinct families.
Despite of a considerable divergence between the HD sequences of the different Six families, they have several common features. In accordance with the classi®cation almost all the Six class HDs have the same unique peptide sequence (CFKE) adjacent to the family speci®c tetrapeptide. It is also notable that 12 of the 13 aa residues known to be most highly conserved in different HDs are invariant among the Six class members with the exception of the nematode SixD sequence (Bu Èrglin, 1994) . This conservation includes the four residues of the recognition helix, which are critical for DNA binding speci®city (aa 47, 50, 51, 54; Laughon, 1991) .
The SD sequences show a higher divergence than the HDs. It still appears possible, however, to de®ne three separate families on the basis of SD sequence identities and the patterns of aa substitutions ( Fig. 2A) . As with the HD sequences, the Six3-related SDs constitute the most distinct family, with the characteristic tetrapeptide insertion (VAPG) or a derivative thereof. The HD and SD of individual proteins generally can also be assigned to the same family. For the diverged SDs of the nematode proteins the classi®cation is less clear. Whereas SixC belongs to the Six3 family, the SDs of SixA, SixB and SixD exhibit similarities to both the Six2 and Six4 families. Our classi®cation of these nematode SD sequences is mainly based on the family speci®c Gly and Leu substitutions present at their conserved C-termini (aa positions 99 and 103).
Alignments show that the VAPG insertion and several additional insertions and deletions in the nematode proteins are all located within the ®rst 60 aa of the SD. Moreover, this part of the SD has only four invariant residues, whereas the corresponding number for the C-terminal half is 19. This difference in conservation between the two halves of the SD may, in a similar way as previously observed for the paired domain (Xu et al., 1995) , re¯ect the existence of two separable functions or subdomains. Such a subdivision would also be consistent with the observations that the SD functions both in DNA binding and protein-protein interactions (Kawakami et al., 1996b; Pignoni et al., 1997) .
To further investigate the relationships between the different Six class proteins, a phylogenetic tree was constructed on the basis of sequences including the same region of the SD and HD from each protein (Fig. 3) . Consistent with the classi®cation derived from the comparisons in which the HD and SD sequences were aligned separately ( Fig. 2A,B ), the phylogenetic tree shows three major branches consisting mainly of the members of the Six2, Six3 and Six4 families, respectively.
The branching of the phylogenetic tree suggests that the common ancestor of insects and vertebrates had three Six genes from which the Six2, Six3 and Six4 families have originated. However, the available sequence data for nematodes, which are also believed to have the same ancestor, are not in complete agreement with this conclusion. It is also notable that all nematode Six genes map to the same chromosome (V) and with SixA and SixB in adjacent positions, perhaps re¯ecting a local duplication (see legends to Figs. 2 and 3).
Identi®cation of new Six sequences in zebra®sh and other vertebrates
We have previously described full-length cDNA sequences corresponding to the four zebra®sh genes six3, six6, six7 and six8 (Seo et al., 1998a,b,c) . In this report we have identi®ed two additional HD encoding sequences from zebra®sh, named six2 and six9, that belong to the Six2 family (Fig. 2B) . Whereas zebra®sh six2 is a possible orthologue of the Six2 gene of mammals, the Six9 HD sequence is more diverged than Drosophila SO. We also identi®ed a member of the Six2 family in lamprey that shows a similar degree of divergence (six11, Figs. 2 and 3) . Hence additional Six1/Six2-like genes probably exist in ®sh. Our identi®cation of likely orthologues of Six1 and Six2 in both lamprey and Xenopus supports this assumption (Fig. 2) .
Only one zebra®sh gene, six8, has been assigned to the Six4 family ( Fig. 2 ; Seo et al., 1998c) . Although the protein encoded by this gene is similar to murine Six4, the degree of divergence between these two sequences is higher than Fig. 3 . Phylogenetic analysis of the Six class. The 150 aa from the SD and HD, but including insertions in the Six3 family and insertions and deletions in the nematode sequences, were used as a basis for the analysis. Drosophila Extradenticle, which has the most similar sequence relative to the Six class, was used as an outgroup (Rauskolb et al., 1993) . Three major families with characteristic tetrapeptides are indicated by brackets. The three nematode sequences (SixA, SixB, SixD; see Fig. 2 ) are placed outside of the three major families. All nematode Six genes are located on chromosome V, and SixA and SixB are adjacent in cosmid C10G8 (see Fig. 2) . Bootstrap values for 1000 runs are indicated at the nodes. Scale bar, genetic distance.
expected for true homologues within the Six class (Figs. 2  and 3 ). The differences observed in their embryonic expression patterns provide additional evidence that another Six4 homologue may exist in zebra®sh (Seo et al., 1998c) . Moreover, the zebra®sh genome is also likely to contain at least one homologue of the mammalian Six5 gene since the degree of divergence between murine Six4 and Six5 suggests an earlier duplication event than in the case of Six1/Six2 (Fig. 3) .
Taken together these considerations suggest that the zebra®sh has a minimum of eight Six genes. However, the relationships between the vertebrate members of the Six3 family provide a basis for predicting an even higher number.
Notably, this family consists of two subgroups related to murine Six3 and Optx2, respectively, and a third category of more divergent members such as zebra®sh six7 and medaka six3 (Fig. 3) . Whereas both shark and Xenopus have orthologues of Optx2, a closely related sequence has not yet been found in zebra®sh. Identi®cation of additional Optx2-related HD sequences in both humans (SIX12) and lamprey (Six12), which share the same characteristic Asn substitution at position 15, provides evidence that this subgroup may have two members in most vertebrate species. Unless Optx2-like genes have been lost from the genome of ray-®nned ®sh (Wagner, 1998) , this implies that the total number of Six genes in zebra®sh is nine or more. 
Embryonic expression of D-Six3 and D-Six4 during head development
To investigate the functional roles of D-Six3 and D-Six4, we analysed their expression patterns throughout embryogenesis by whole-mount in situ hybridization. Transcripts of both genes are ®rst detectable in the anterior region of early cellular blastoderm stage embryos (Figs. 4 and 5) , suggesting important roles in head development. In the case of DSix3 expression is observed within a sharply de®ned circumferential stripe at approximately 85-95% egg length (EL, Fig. 4A,B) . The stripe is somewhat wider dorsally (,6 cells) than ventrally (,4 cells). Also expression levels are higher on the dorsal side of this domain from which several head structures derive (see below).
The D-Six4 gene is initially expressed in a dorsal patch that straddles the midline between 85 and 90% EL (Fig.  5A,B) . This patch is wider dorsally (3±4 cells) than towards its lateral edges. Hence, at the cellular blastoderm stage, DSix4 appears to be expressed within a subregion of the DSix3 expression domain. Interestingly, the D-Six4 expression pattern is also similar to that of so, which is expressed in a dorsal domain of the head region during the blastoderm stage (Serikaku and O'Tousa, 1994; Halder et al., 1998) . However, the area of so expression is located in a more posterior position where the primordia of the optic lobe, Bolwig's organ and eye disc are located.
Based on a projection onto the blastoderm fate map (Campos-Ortega and Hartenstein, 1997), D-Six3 is probably expressed in regions that will give rise to the clypeolabrum, pharynx and the anterior part of the acron. Hence D-Six3 and D-Six4 are apparently co-expressed in parts of the procephalic neurectoderm from which the brain originates. This conclusion is partly based on comparisons with the expression pattern of the gap gene tailless (tll, . Like D-Six3, tll is expressed within a circumferential band at 76±89% EL from which the procephalic proneural domain is thought to be derived . In accordance with the apparent overlap (,5%) in expression relative to tll, the D-Six3 (and D-Six4) positive area is likely to include only an anterior part of this proneural region. During gastrulation and germ band elongation, D-Six3 continues to be expressed in the cephalic region but the pattern becomes more complex. The area and level of expression are increased dorsally, whereas the expression fades ventrally and disappears before stage 9 (Fig. 4C) . After initiation of stomodeal invagination, the expression domain is separated into two major subdivisions and this correlates spatiotemporally with the appearance of the clypeolabrum as a distinct part of the procephalic lobe (Fig. 4D) . The clypeolabral expression domain at the anterior end is quite uniformly stained with sharply de®ned borders. Further posteriorly, the labeled area, which maps mainly to the procephalic neurogenic region, has more complex features, and is connected with the clypeolabral domain dorsally. Within this procephalic region the staining is distributed along the dorsal midline and in two bilaterally paired areas, with the highest signal intensity in the domains closest to the midline (Fig. 4D,E) .
As the germ band retracts during stage 12, expression is maintained in the clypeolabral region and in two bilateral areas associated with the newly formed supra±oesophageal ganglia (Fig. 4F,G) . Simultaneously, additional sites of expression become detectable ventrally in the maxillary and labial segments (Fig. 4G) . Weaker expression is also present dorsolaterally in two small cell clusters located in the region which includes the optic lobe and dorsal ridge primordia.
By stage 13±14 (Fig. 4H±K) , when the germ band is fully retracted, parts of the clypeolabrum that express D-Six3 have invaginated through the stomodeum and contribute to form the roof of the pharynx. This staining extends posteriorly towards the supra±oesophageal ganglia where the expression is most conspicuous (Fig. 4H,I ,K). The strongest expression is present in the medial parts of the supraoesophageal ganglia and in a patch of cells in front of the brain which probably includes the frontal ganglion and the frontal connective of the stomatogastric nervous system (SNS, Fig. 4H ). In addition to the clypeolabral expression, two distinct spots of staining are located ventral to the stomodeum (Fig. 4J,K) . These apparently represent cells of head sensilla such as the terminal and labial organs that derive from the stained cell clusters detected at earlier stages in the maxillary and labial segments, respectively.
During head involution the clypeolabral staining also resolves into distinct spots and these may correspond to the labral sensory complex and the clypeolabral disc (Fig.  4L,M) . Similarly, a re®nement of the expression pattern occurs in the pharyngeal and supra±oesophageal regions. The staining in the roof of the pharynx becomes restricted to the area including the frontal ganglion and connective, while a row of cells just above it in the dorsal pouch shows high expression of D-Six3 (Fig. 4L,M) . Since only midline cells of the dorsal pouch are labeled, the eye-antennal disc precursors, which are known to be located in the lateral parts (Green et al., 1993; Campos-Ortega and Hartenstein, 1997) , probably do not express the D-Six3 gene. Expression is maintained in the dorsal pouch even after formation of the eye-antennal discs, in which staining is still not detectable at stage 18 (Fig. 4M) . Expression is also absent in the eyeantennal discs of 1st instar larvae and the transcript level is reduced in the frontal ganglia and connective, head sensory organs and clypeolabral derivatives (Fig. 4N,O) . However, compatible with a possible involvement of D-Six3 in later stages of eye development, expression was detected in the eye-antennal discs of 3rd instar larva (not shown).
A recently reported Drosophila homeobox gene, optix, has also been shown to be expressed in restricted areas of the embryonic head during stages 5±11 (Toy et al., 1998) . Although only the homeobox is known for optix, the 100% nucleotide identity to D-Six3 and the similarity in expression patterns suggest that these two genes are the same.
As is the case for D-Six3, expression of the D-Six4 gene splits into two bilateral domains and persists in the dorsal part of the procephalic lobe during gastrulation and germ band elongation (Fig. 5C±E) . By stage 9±10 transcripts are also detectable in mesodermal cells along the entire germ band (Fig. 5C,D) . In a dorsal view the mesodermal staining appears to consist of a bilateral pair of longitudinal bands connected by a series of transverse stripes whose spacing corresponds to that of the segmental primordia (Fig. 5D ). These features are consistent with the known transient segmental characteristics of the mesoderm at this embryonic stage (Campos-Ortega and Hartenstein, 1997). However, the mesodermal transcripts disappear quite rapidly and by stage 11 only the procephalic expression is detectable (Fig.  5E) .
Coincident with germ band retraction and formation of the supra±oesophageal ganglion at stage 12, the two domains of dorsal D-Six4 expression narrow and lengthen (Fig. 5F ), and during stage 13 they become associated with dorsal and medial parts of the two brain hemispheres (Fig.  5G,H) . By stage 15 additional sites of expression are observed in the ventral cord and gonads (Fig. 5H) .
Discussion
Phylogenetic and functional relationships among Six class genes
To gain further insight into the Six class regulatory proteins, we have identi®ed new Six sequences from Drosophila and several vertebrate lineages. Our analysis shows that the Six class consists of three distinct families which all have one Drosophila member. Whereas SO belongs to a family of Six2-like proteins, the two new Drosophila genes D-Six3 and D-Six4 encode homologues of vertebrate proteins in the Six3 and Six4 families, respectively. The genome of the common ancestor of insects and vertebrates thus apparently contained three different Six genes from which the respective families have originated.
In mammals two gene members have been identi®ed for each of the three Six families. As these two members are in all three cases more similar to each other than the corresponding Drosophila homologues, they may derive from gene duplications that have occurred after the separation of deuterostomes from protostomes. In the case of both the Six2 and Six3 families, we have identi®ed duplicated genes in lower vertebrates. This suggests that the duplication events occurred before or early in the vertebrate lineage. However, information about Six genes in echinoderms, urochordates and cephalochordates is still not available. We also must await identi®cation of additional Six class members in several of the vertebrate sublineages before making detailed conclusions regarding gene duplications and orthologous relationships. This uncertainty is also partly due to the ®nding of additional family members in ®sh, of which some show similar degrees of divergence as the Drosophila homologues. The orthologous relationships may be particularly complicated within the Six3 family where four or more genes exist in the genomes of modern ®shes (Loosli et al., 1998; Seo et al., 1998a,b) . The extra genes could have been generated by a genome duplication that probably happened in the lineage leading to modern ray-®nned ®shes Postlethwait et al., 1998; Prince et al., 1998; Wittbrodt et al., 1998) . However, the strong divergence of the zebra®sh Six7 and medaka Six3 proteins might also suggest the existence of additional Six3-like genes in mammals.
Currently, a total of six members of the Six class is known for mice (Oliver et al., 1995a,b; Kawakami et al., 1996a,b; Toy et al., 1998) , and we have previously characterized four Six genes in zebra®sh of which three belong to the Six3 family (Seo et al., 1998a,b,c) . The two new zebra®sh Six genes identi®ed here (six2, six9), and the available information about other vertebrate Six sequences, together give us a quite strong basis for predicting that the zebra®sh genome has at least nine different members of this class.
The Drosophila genes D-Six3, D-Six4 and so are functionally related
The embryonic expression of D-Six3 and D-Six4 suggests that the major functions of these two Drosophila genes are in head patterning. In this connection it is necessary to take into consideration the different developmental processes contributing to head morphogenesis that are partially interconnected temporally and/or genetically. Whereas the mechanisms underlying head segmentation have been extensively characterized (Cohen and Ju Èrgens, 1991; Finkelstein and Perrimon, 1991; Wimmer et al., 1993; Grossniklaus et al., 1994) , considerably less is known about the gene regulatory networks responsible for generating the brain and the various head sensory organs. However, genetic and molecular analyses have revealed that the regulatory circuits of these developmental processes are interconnected. Hence several head gap genes are not only essential for patterning of the epidermis, but also are important in specifying parts of the brain and/or the visual system (Finkelstein and Perrimon, 1991; Vandendries et al., 1996; Rudolph et al., 1997; Younossi-Hartenstein et al., 1997) . Similarly, the expression domains of the eye developmental regulatory genes eya, so and twin-of-eyeless (toy), which are restricted to transverse bands in the anterior region of the cellular blastoderm (Serikaku and O'Tousa, 1994; Bonini et al., 1998; Halder et al., 1998) , suggest links to the process of head segmentation.
The initial expression pattern of D-Six4 has basically the same features as the above mentioned eye genes, whereas D-Six3 expression occurs within a circumferential band similar to and partially overlapping with the expression domain of the gap gene tailless . Although D-Six3 staining is not detected before the cellular blastoderm stage, the similarities to tailless and other head gap genes with respect to transcript distribution might re¯ect a function in segment speci®cation. In this connection the correspondence between the D-Six3 expression domain and the labral anlagen in the blastoderm fate map may be important.
The overlapping expression domains of D-Six3 and DSix4 in the cellular blastoderm are clearly located anterior to the areas where so and toy are known to be expressed (Serikaku and O'Tousa, 1994 ; Halder et al., 1998) . Hence, they are apparently not expressed in the blastoderm region from which all parts of the visual system, including the eye disc primordium, optic lobe and larval eye (Bolwig's organ), are thought to originate (Green et al., 1993; Cheyette et al., 1994; Campos-Ortega and Hartenstein, 1997) . Consistent with this conclusion D-Six3 and D-Six4 do not show staining in any of these structures when they ®rst become morphologically discernible. Their expression patterns suggest instead an involvement in speci®cation and/or differentiation of other parts of the head, including the brain, stomatogastric nervous system and various sensory organs.
Judging from these differences in expression the functional roles of D-Six3, D-Six4 and so seem quite divergent. However, the subdivision of head neurectoderm into procephalic neurectoderm and head midline cells provides a basis for identifying conserved features (Dumstrei et al., 1998) . Notably, the head midline neurectoderm includes the anlagen of the medial brain, the stomatogastric nervous system, optic lobe and larval eye (Dumstrei et al., 1998) . Since these different head midline domains correspond well with the sites where so, D-Six3, and D-Six4 show strongest expression during embryogenesis, one important function of the common ancestral gene was probably associated with the development of these particular neural derivatives.
Whereas neuroblasts separate from the procephalic neurectoderm by delamination, the cells within each of the head midline domains invaginate as coherent groups (CamposOrtega and Hartenstein, 1997; Dumstrei et al., 1998) . Hence it has already been proposed for so that one of its roles may be to regulate genes controlling morphogenetic movements in the optic lobe and at other sites of expression (Cheyette et al., 1994) . Similarly, the D-Six3 and D-Six4 genes may have morphogenetic functions in their regions of expression within the head midline neurectoderm. The activities of D-Six3 and D-Six4 during stomodeal invagination and in mesodermal cells, respectively, may also be associated with such functions.
The degree of functional conservation between the three Drosophila Six genes and their respective vertebrate homologues seems to be variable. D-Six3 and its homologues in mice and zebra®sh are different with respect to their roles in eye development but show several common features of expression in the brain and head sensory organs (Oliver et al., 1995b; Seo et al., 1998a) . The most conserved feature of the vertebrate Six3-like genes appears to be a regional expression domain in the anteriormost part of the neural plate (Oliver et al., 1995b; Bovolenta et al., 1998; Loosli et al., 1998; Seo et al., 1998a,b; Toy et al., 1998) . This clearly parallels the expression of D-Six3 at the anterior end of the blastoderm. In relation to the possible involvement of D-Six3 in head segmentation (see above), it is interesting that similar correlations are known for several of the Drosophila head gap genes and their vertebrate homologues (Simeone et al., 1992; Finkelstein and Boncinelli, 1994; Acampora et al., 1995; Hirth et al., 1995; Hollemann et al., 1998) .
Only a few vertebrate members of the Six4 family have been characterized with respect to structure and embryonic expression, and it is not known which developmental functions may be conserved (Kawakami et al., 1996a; Ohto et al., 1998; Seo et al., 1998c) . In the case of the murine Six2 gene transcripts have been detected in the retina of young mice, but its expression during embryogenesis is mainly associated with connective tissue (Oliver et al., 1995a; Kawakami et al., 1996b; Ohto et al., 1998) . Hence the functional similarities between vertebrate Six2-like genes and Drosophila so may be very limited. These comparisons suggest that a signi®cant degree of functional conservation may only exist between the vertebrate and Drosophila members of the Six3 family. Probably the three ancestral Six genes associated with cephalic development provided a basis for considerable variation in structure and function in different animal lineages.
Experimental procedures
4.1. cDNA isolation and sequencing Drosophila larval mRNAs (Clontech) were used for syntheses of both double-stranded RACE-ready cDNAs using the Marathon cDNA Ampli®cation Kit (Clonetech) and single-stranded cDNAs using the Ready-to-Go TPrimed First-Strand Kit (Pharmacia). A degenerate primer pair SX5 (AAR TTC CCK YTG CCS CGS ACC ATC TGG) and SX2 (TGY CKC CGG TTC TTR AAC CAG mRNA (Clontech), sea lamprey (Petromyzon marinus) adult whole brain and spinal cord mRNA, spiny dog®sh shark (Squalus acanthias) adult brain and spinal cord mRNA, Xenopus laevis whole tadpole (stages 59±61) mRNA, zebra®sh mRNA (6±27 hours postfertilization, Seo et al., 1998a) .
Two degenerate primer pairs were used, SX1 (GAR CGS CTG GGY MGC TTC CTS TGG) -SX2, which would amplify a 460 bp fragment including most of the N-terminal part of the Six domain and the C-terminal part of the HD, and SX5±SX2, which would yield a 191 bp fragment with most of the homeobox (see above, Seo et al., 1998a) . The PCR conditions were the same as described previously (Seo et al., 1998a) , except that a high-®delity polymerase was used (see above). The resulting fragments of interest were cloned into pGEM-T Easy by TA cloning and sequenced (see above). Six-like sequences were subjected to phylogenetic analysis (see below), grouped, and named accordingly (see Section 2). Multiple sequence alignments and phylogenetic analysis were done with the ClustalX program and Phylip program (Gibson et al., 1994; Felsenstein, 1995) . Both distance and parsimony programs yielded similar results.
GenBank accession numbers are: frog six1 (AF108809); frog six2 (AF108810); frog six10 (AF108811); lamprey six1 (AF108812); lamprey six2 (AF108813); lamprey six4 (AF108814); lamprey six11 (AF108815); lamprey six12 (AF108816); shark six2 (AF108817); shark six10 (AF108818); zebra®sh six2 (AF108819); zebra®sh six9 (AF108820).
In situ hybridization
From 0±15 h Drosophila (Oregon R) embryos and larva were subjected to in situ hybridization using digoxigeninlabeled probes as described by Lehmann and Tautz (1994) . D-Six3 and D-Six4 cDNAs were used as probes.
